Release of neuropeptides from dense core vesicles (DCVs) is important for neuromodulation. By 1 4 optogenetics, behavioral analysis, electrophysiology, and electron microscopy, we show that 1 5 synapsin SNN-1 is required for cAMP-dependent neuropeptide release in Caenorhabditis elegans 1 6 cholinergic motor neurons. In synapsin mutants, behaviors induced by the photoactivated 1 7 adenylyl cyclase bPAC, which we previously showed to depend on acetylcholine and 1 8
8 motor neurons (NLP-21 is expressed intrinsically in these cells; Sieburth et al., 2007; Fig . 2a ). 1 7 4 bPAC stimulation induced NLP-21::Venus release, as we showed previously (Steuer Costa et   1  7  5 al., 2017). However, this was abolished in snn-1(tm2557) mutants (Fig. 2b, c) , despite a 1 7 6 significant enrichment of NLP-21::Venus in neuronal cell bodies and processes, compared to wt 1 7 7 ( Fig. 2d, e) . The latter may result from an inability of snn-1 mutants to release neuropeptides. differences (**p<0.01; ***p<0.001) were determined by one-way ANOVA with Bonferroni correction. Previously, we demonstrated that bPAC-stimulation increases the SV release rate, and the 10 Kittelmann et al., 2013; Yu et al., 2018) can be used to analyze the content and distribution of 2 1 1 synaptic organelles in the terminals of cholinergic motor neurons, including SVs, docked SVs, 2 1 2 DCVs and large vesicles (LVs), which are endosomes formed after activity-induced SV release 2 1 3 ( Fig. 4a, b) . As in a), but after 30 s blue light stimulation. c) 3D-reconstruction of snn-1; bPAC synapses, dark control 2 2 0 (left) and 30 s photostimulated (right). Synaptic structures, as in a, b) are indicated, including large at indicated distances (along the plasma membrane) to DP, in wt or snn-1(tm2557) before and after 30 s 2 2 4 stimulation. g) Binned distribution of SVs in the reserve pool in snn-1 versus wt, before and after 30 s 2 2 5 stimulation, at indicated distances to the DP. h) Empirical cumulative distribution plot of summed 2 2 6 distances of reserve pool SVs to DP per profile. i) Volume of SVs (n=4,067; 2,079; 1,400 and 1,888), for 2 2 7 the indicated genotypes and conditions of bPAC stimulated synapses. SV inner diameter was measured 2 2 8 and used to calculate the volume. Also shown are means, medians, interquartile range, whiskers: 5-95 First, we analyzed the distribution of SVs. We had previously shown that bPAC stimulation 2 3 5 strongly reduced the number of docked SVs, as well as overall SV numbers throughout the 2 3 6 terminal (i.e., the sum of RRP and reserve pool) in wild type animals (Steuer Costa et al., 2017) . We now compared this in snn-1(tm2557) mutants ( Fig. 4c-e ). Like in wt, bPAC stimulation 2 3 8 caused significantly reduced docked SVs in snn-1 mutants. However, unlike in wt, no significant 2 3 9 reduction of the reserve pool was observed in snn-1 animals ( Fig. 4d, e ). Distribution of docked 2 4 0 SVs, relative to the dense projection (DP; central to the active zone -AZ) was similarly altered 2 4 1 by bPAC stimulation in snn-1 and wt ( Fig. 4f) . Synapsin therefore does not directly affect SV 2 4 2 priming or exocytosis. However, as the mPSC rate was somewhat reduced in snn-1 animals, it 2 4 3 could facilitate these processes by promoting SV transfer from the RP to the RRP. Analysis of the RP distribution showed that SVs which locate near the DP during bPAC 2 4 5 photostimulation in wt were depleted from the DP vicinity in snn-1 (Fig. 4g, h ). If SVs approach 2 4 6 the AZ by tethering to the DP, and then are docked and distributed laterally, depletion of SVs 2 4 7 near the DP may reflect a deficit in refilling of the RRP of docked SVs. Thus, our finding supports 2 4 8 a role of synapsin in SV tethering and mobilization from the RP. Compared to wt synapses, snn-2 4 9 1 synapses were smaller ( Fig. S1a, b ) and did not accumulate endocytic large vesicles upon 2 5 0 bPAC stimulation ( Fig. S1e) , probably as reduced SV release necessitated less SV recycling. Nonetheless, snn-1 synapses increased their size in response to 30 s bPAC stimulation, as did 2 5 2 wt. Finally, we also analyzed the SV diameter in snn-1 mutants, since we previously found that , 2017) . In comparison to wt, the snn-1 mutants had significantly smaller SVs, which did not increase their size upon bPAC stimulation ( Fig. 4i, j) , as we previously found for unc-31 mutants 2 5 6 (Steuer Costa et al., 2017) . This indicates that, in line with our findings of abolished 2 5 7 12 neuropeptide release, snn-1 mutants also do not upregulate SV filling. It further indicates that SV 2 5 8 size is actively regulated by signaling via as yet unknown neuropeptides. Second, we analyzed the distribution and fate of DCVs in snn-1(tm2557) synapses before and 2 6 8 after bPAC-stimulation. DCVs were significantly reduced in snn-1 mutants, compared to wt, 2 6 9 under both conditions, in sections containing the DP (Fig. 5a, b) , and in sections neighboring the 2 7 0 DP (to ~240 nm axial DP distance; Fig. 5c, d, f) . We also assessed the radial distribution of DCVs relative to the DP. DCVs were most abundant in 150-250 nm distance to the DP, peaking at about 233 nm ( Fig. 5d, e ). Although bPAC stimulation caused DCV depletion in the 150 nm 2 7 3 bin ( Fig. 5e) , overall distribution and abundance were similar to without stimulation, peaking at 2 7 4 200-230 nm radial DP distance in wt. However, in snn-1(tm2557) mutants, DCVs peaked at 250-2 7 5 350 nm radial distance, with no marked further depletion upon bPAC stimulation. The reduction 2 7 6 13 of DCVs in the snn-1 mutant indicates that DCVs are delivered to snn-1 terminals, but may not 2 7 7 be efficiently tethered there to be eventually released. Thus, they may be 'lost' to the neuronal 2 7 8 process and cell body ( Fig. 2d) . As reported previously (Hammarlund et al., 2008) , DCVs did not 2 7 9 cluster at AZs, but evenly distributed along the axon. DCVs in sections flanking the DP out to 2 8 0 240 nm ( Fig. 5f ) did not exhibit any obvious peak, yet they were depleted in snn-1 synapses. In 2 8 1 sum, snn-1 mutants have reduced DCV numbers in synapses, which are not released in 2 8 2 response to bPAC stimulation. DCVs per profile containing the DP in snn-1(tm2557) compared to wt, without and with 30 s photo- with Tukey correction. As we showed previously (Steuer Costa et al., 2017) , cAMP augments SV release and 2 9 6 induces neuropeptide release, and here we demonstrated that this is facilitated by synapsin. Despite effects on distribution and mobilization, the bPAC-induced increase of SV release was 1e). PKA-mediated phosphorylation of serine 9 reduces the affinity for actin, and was suggested 3 0 0 to regulate SV mobilization (Cesca et al., 2010; Hosaka et al., 1999) . To explore this in C. higher bending angles than wt, with the most pronounced effect for S9E that showed sustained 3 0 8 high bending angles after the stimulus ended. For locomotion speed, the S9A animals showed a 3 0 9 higher increase than the wt controls, while S9E animals showed an unaltered speed increase.
Next, we assessed the synapsin S9 mutants by electrophysiology. Both mutants had 3 1 1 essentially the same relative increase in mPSC rate during bPAC stimulation as wt ( Fig. 6e, f) ,
and as snn-1(tm2557) mutants (likely lacking the entire SNN-1B protein; Fig. 1e ). The latter 3 1 3 mutant had a prolonged increase in mPSC rates compared to the other genotypes. When we 3 1 4 analyzed the mPSC amplitudes, the S9A mutant showed increased amplitudes, like wt, while the 3 1 5 S9E mutants, just as the snn-1(tm2557) mutant, showed no amplitude increase during bPAC 3 1 6 stimulation ( Fig. 6g, h) . This indicates that SNN-1B(S9E) animals do not release neuropeptides, 3 1 7 which could be due to an inability to tether DCVs to the cytoskeleton and to capture them near 3 1 8 synaptic release sites. We assessed this possibility more directly by HPF-EM. Therefore, the axial distribution of DCVs 3 3 0 in the S9A and S9E mutants was analyzed to distances 'out' to 800 nm from the DP/synapse 3 3 1 region ( Fig. 7a-d) . All mutants showed significantly less DCVs than wt, both without and with 3 3 2 bPAC stimulation ( Fig. 7e; Supplementary Fig. S2 ). In addition, following photostimulation, we found a significant enrichment of DCVs at sites distal 3 4 5 to the synaptic terminal / DP region in the snn-1(tm2557) and the S9E mutants, while S9A and 3 4 6 wt did not increase DCV numbers distal to the DP (Fig. 7a-e ). This could indicate that the 3 4 7 tm2557 and S9E mutants, either due to the lack of SNN-1, or due to the inability to capture accumulate outside synapses, as was evident also by NLP-21::Venus imaging (Fig. 2d) . indicated genotypes in the non-stimulated condition. SEM not shown for clarity (see Fig. 7 ). In SNN-1(S9A) mutants, DCVs accumulate and become immobilized in axonal processes 3 5 7
Finally, we analyzed the dynamic properties of DCVs, i.e. their trafficking in the cholinergic motor dorsally innervating A-type (DA) class of motor neurons ( Fig. 8a; Supplementary Video S1 ). Axonal processes on the dorsal side were imaged as confocal stacks at 4 volumes / s, and stationary accumulations (Fig. 8b) . in increments of straight movement, between observable changes in velocity, or phases of no movement. Synapsin is required for DCV capture at synapses. In the absence of synapsin and in the S9E mutant, 3 8 2
DCVs are not retained at synapses, but accumulate between synapses and in the cell body, likely as they release, based on our electrophysiological recordings, is still possible. DCVs are captured and made available for fusion. Distinct capture events, as well as release 3 8 8 events could be observed in the kymograms (Fig. 8b; see Supplementary Fig. S3 for all 3 8 9 kymograms obtained). We compared wt and snn-1(tm2557) animals, as well as the S9A and S9E mutants. Trafficking 3 9 5 of the mobile particles was mostly of uniform velocity, however, S9A and S9E mutants exhibited 3 9 6 significantly slower retrograde traffic (Fig. 8c) . Overall, a similar fraction of the particles 3 9 7 observed in each kymograph were stationary, thus, the mutations did not cause a loss or gain of 3 9 8 release sites (Fig. 8d) . However, when we assessed the overall movement for each group of 3 9 9 animals, wt showed the highest accumulated distance covered by the mobile particles, while 4 0 0 tm2557 as well as S9E mutants showed significantly less motility. The most prominent reduction 4 0 1 was observed for the S9A mutant, lacking the PKA phosphorylation site in the long isoform 4 0 2 (SNN-1B; Fig. 8e ). DCVs in these animals may thus be tightly bound to the actin cytoskeleton. Last, we also analyzed the overall fluorescence. Here, the S9A animals showed a significant (2-4 0 4 fold) increase of DCVs in the axon, compared to wt (Fig. 8f) , where axon and dendrite showed release them from the cytoskeleton. However, also the S9E mutation caused reduced DCV 4 0 8 motility, as did the snn-1(tm2557) deletion allele, and while these two mutants did not release 4 0 9 neuropeptides, the S9A animals did (based on the observed mPSC amplitude increase; Fig.   4 1 0 6h). Thus, synapsin (S9 phosphorylation) may affect multiple steps of DCV trafficking and 4 1 1 recruitment to release sites, which is differently affected in S9E and S9A mutants. In this study, we analyzed how synapsin, a known organizer of the SV cluster, functions in C. release. In the snn-1(tm2557) deletion mutant, removing the C-terminal half, and likely 4 1 7 eliminating SNN-1 expression entirely, we observed some alteration in SV localization. This also 4 1 8 caused a mild reduction of SV release, as induced by optogenetic cAMP elevation. However, 4 1 9 21 these effects were small. Instead, we found strong phenotypes and thus a previously unknown 4 2 0 role of synapsin in neuropeptide release: snn-1(tm2557) mutants, in response to bPAC-induced 4 2 1 cAMP increase, showed altered behavior, no neuropeptide release, less overall synaptic DCVs 4 2 2 but no acute further reduction of DCVs in terminals, no increase in mPSC amplitudes, and no SV 'captured' from their ongoing trafficking along microtubule tracts. However, they also have to be 4 3 2 released again to make them available for fusion (see model, Fig. 8g) . The right sequence of 4 3 3 these differential de-/phosphorylation events may be more affected by the synapsin S9E 4 3 4 mutation rather than by S9A, because at some point DCVs have to be bound by synapsin to 4 3 5 make them available at release site, and this may not happen effectively in S9E mutants.
3 6
In the tm2557 mutants, DCV capture apparently does not occur or is reduced. The lower 4 3 7 number of DCVs in snn-1(tm2557) synapses showed an altered distribution, and upon Contrary to previous publications that attributed 'capture' merely to a tightly regulated balance of The C. elegans genome encodes one synapsin gene, giving rise to two splice variants, SNN- A domain (Fig. 1e) . While we have no information of cell-specific or developmentally regulated 4 6 2 expression of these two variants, our data indicate that the SNN-1B variant contributes to through its central C domain, which is also responsible for dimerization and interaction with the 4 6 7 actin cytoskeleton. Phosphorylation of S9 affects the affinity for actin and is responsible for PKA-4 6 8 dependent mobilization of SVs from the RP (Cesca et al., 2010; Hosaka et al., 1999) . The snn- remaining bPAC-induced increase of mPSC rate in snn-1(tm2557) mutants, though lower than in 4 7 2 wt, argues that PKA regulation of SV release is not only affected via SNN-1. Hence, fast cAMP 4 7 3 effects on SV release likely involve also other PKA targets that affect priming, such as tomosyn 4 7 4 (Baba et al., 2005; McEwen et al., 2006) or SNAP-25 (Nagy et al., 2004) . Alternatively, SNN-1A, It was shown that ATP acts as a hydrotrope that can dissolve phase-separated IDR- knockouts were deficient in catecholamine-loading (Speidel et al., 2005) and showed reduced 4 9 0 DCV priming and release (Liu et al., 2008) . CAPS1 and 2 were also shown to be required for SV 4 9 1 priming in mice (Jockusch et al., 2007) . This may be reflected in C. elegans, as unc-31 mutants 4 9 2 lacked not only the cAMP-induced amplitude increase but also had a reduced mPSC rate mutations of synapsin found in human genetic diseases. Our work implies that these pathologies 5 0 7 may, at least in part, be mediated at the level of neuropeptide signaling. The protein architecture of human secretory vesicles reveals differential regulation of signaling molecule secretion 5 1 3 by protein kinases. PLoS One 7, e41134. Benfenati, F., Valtorta, F., Bahler, M., and Greengard, P. (1989b) . Synapsin I, a neuron-specific phosphoprotein 5 1 7
interacting with small synaptic vesicles and F-actin. Cell biology international reports 13, 1007-1021.
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